The purpose of this study was to do in situ viral detection in myocardial tissues of individuals who suffered sudden unexpected death and to correlate the results with the postmortem histopathologic findings. Thirteen cases were identified and the heart tissues were analyzed for adenovirus, cytomegalovirus, Epstein Barr virus, herpes simplex vi- 
Sudden, unexpected, idiopathic death is a clinicopathologic diagnosis that typically involves a previously healthy person who dies suddenly, with no definitive cause of death found at the autopsy (1) . These cases represent a substantial proportion of forensic autopsies, Ͼ8% in some series (1) . It is highly likely that some cases of sudden death are associated with viral infections. Indeed, it is estimated that Ն5% of any virus-infected population experiences some cardiovascular symptoms, and higher proportions may be encountered during epidemics (2) .
Although viral myocarditis is usually a chronic disease associated with end-stage heart failure, it is well documented that it can also be associated with sudden, unexpected death (1, (3) (4) (5) (6) . The mode of death probably involves arrhythmias because the degree of myocyte necrosis and damage in acute viral myocarditis is often not sufficient to induce cardiac failure (4, 5) . Even when acute fatal viral myocarditis is strongly suspected on the basis of the clinical and pathologic findings, it is often difficult to diagnose the etiologic agent (7) . The members of the genus Enterovirus (family Picornaviridae) are the most commonly implicated in viral myocarditis (2, 6, 8 -9) . Coxsackie B virus may account for nearly 50% of cases of documented viral myocarditis (8) . Many other viruses are associated with viral myocarditis, including Coxsackie A, influenza A, cytomegalovirus, and adenovirus, as well as other viruses (6, 8) .
Although human immunodeficiency virus 1 (HIV-1) infection may be associated with cardiac complications, usually this association is noted in people with long-standing acquired immune deficiency syndrome (AIDS; 10). However, it has been shown that HIV-1 is directly associated with AIDS myopathy, primarily via infection of macrophages infiltrating the involved skeletal muscles (11) . It is possible that HIV-1 could also be associated with acute myocarditis before the development of AIDS, although to our knowledge, this has not been documented using in situ-based methodologies.
Detection of viruses associated with myocarditis is problematic for several reasons. In cases of sudden, unexpected death, serology is usually not available, and viral cultures have relatively low sensitivity, especially in the autopsy setting (8) . In situ hybridization analyses for DNA viruses, which are associated with high copy number, show both high sensitivity and specificity, as documented in cases of cytomegalovirus and adenovirus-associated myocarditis (12) (13) (14) . However, most cases of viral myocarditis are associated with RNA viruses, in which the viral genome number may be below the detection threshold of the assay, which is about 10 copies per cell (15) (16) (17) . This problem can be circumvented by using reverse transcriptase in situ polymerase chain reaction (RT in situ PCR). This methodology allows the use of inexpensive, longlasting oligoprimers and, as it is optimized with formalin-fixed tissues, obviates concerns of testing for potentially dangerous viruses with unfixed tissues that are optimal for solution phase PCR analyses (15) (16) (17) . The purposes of this study are to determine both the presence and specific types of virus that can be detected by in situ hybridizationbased techniques in the myocardium of individuals who suffered sudden unexpected death and to correlate the viral results with the histopathologic findings.
MATERIALS AND METHODS

Selection of Cases
The study originated with cases sent by various medical examiners in which a thorough autopsy with toxicology and clinical correlates produced no convincing cause of death, although viral myocarditis was suspected. In each of these five cases, the heart was normal grossly (including no congenital heart disease, no evidence of coronary artery or valve disease, and normal heart weight), and the microscopy varied from "rare, focal chronic inflammation" to unequivocal chronic myocarditis. We then attempted to obtain similar cases from the autopsy archives from 1995-2000 at the Ohio State University Department of Pathology. The selection criteria were that there was no definitive cause of death based on the gross and histologic autopsy findings and that myocarditis was considered in the differential diagnosis, either clinically or histologically. Eight cases were identified. In each case, there was no clinical or pathological evidence of congenital heart disease, coronary arteritis, pericardial disease, or endocarditis. Only one person had evidence of coronary artery disease (80% occlusion of three vessels, Case 11; Table 1 ). Further, only one person had valve disease (tricuspid valve replacement, Case 12; Table 1 ). In neither case was the preexisting heart disease thought to be sufficient to explain the person's death. The weight of the heart was listed as within normal limits except for in Cases 9 (520 g) and 11 (740 g; Table 1 ). In each of the 12 cases, only paraffin-embedded, formalinfixed tissue was available.
We included 10 negative controls in this study; 5 were heart tissues from people who died of acute trauma, and the other 5 cases were cardiac tissues from people who died cancer-related deaths. The selection criteria for the 10 negative controls were that the entire gross and histologic examination of the heart tissue at autopsy was within normal limits.
In Situ Hybridization
In situ hybridization was performed using a previously published protocol (15) (16) (17) . In brief, multiple 4-m sections were obtained and placed on silane-coated glass slides. This allowed direct comparison of the hematoxylin and eosin stain results with the viral findings. The tissue was deparaffinized and proteased (30 min in 2 mg/mL of pepsin). The probes, each from Enzo Diagnostics (Farmingdale, NY) included adenovirus, EpsteinBarr virus, cytomegalovirus, herpes simplex virus Types 1 and 2, and parvovirus. The probe cocktails containing the biotin-labeled probe and tissue DNA were codenatured at 95°C for 5 minutes, hybridized for 2 hours at 37°C, then washed at high stringency (Tm Ϫ5°C), followed by localization of the probetarget complex by the action of alkaline phosphatase on the chromogen nitroblue tetrazolium and bromochloroindoyl phosphate. Nuclear fast stain served as the counterstain.
Reverse Transcriptase In Situ PCR
The protocol used has been previously described (15) (16) (17) . Briefly, optimal protease digestion time was first determined using the nonspecific incorporation of the reporter nucleotide as the guide (10 mol/L digoxigenin deoxyuridine triphosphate [dUTP]). Optimal protease digestion was followed by overnight incubation in RNase-free DNase (10 U pre sample, Boehringer Mannheim, Indianapolis, IN) and one-step RT-PCR using the rTth system and digoxigenin dUTP, as described previously (15) (16) (17) . All tissues were analyzed for the following viruses: picornavirus (which can detect enterovirus, rhinovirus, and other viruses including hepatitis A), influenza A and B, respiratory syncytial virus, varicella zoster virus, HIV-1, and rotavirus. The cases positive for picornavirus were then tested with consensus primers for enterovirus and, if positive, then tested using primers that are specific for Coxsackie virus A and B (18, 19) .
Positive controls for each virus were available from the files of one of the authors (G.J.N.) and gave the expected results (data not shown). Negative controls included heart tissue sections from 10 different people with no evidence (grossly or histologically) of cardiac disease, as described above. All the probes tested on these tissues were negative (data not shown). For the RNA viruses, an additional control was pretreatment with RNase before reverse transcriptase (16) . The loss of the signal confirmed that it was RNA based.
Immunohistochemistry
Our protocol has been previously published (8, 10, 12) . In brief, after deparaffinization, sections were incubated with CD45 or CD68 (DAKO, Carpinteria, CA). Each of the 13 cases was also tested by immunohistochemistry for enteroviral and rotaviral protein using a previously published method (18 -20) . The antigen-antibody complex was detected using the SuperSensitive peroxidase based kit of Biogenex (San Roman, CA), as per the manufacturer's protocol. Dilute hematoxylin served as the counterstain to the brown signal induced by the chromogen 3,3'-diaminobenzidine.
RESULTS
Thirteen individuals, aged 2 to 67 years, each of whom suffered sudden, unexpected death, were included in this study. Nine of the 13 were males. Two of the people were children (aged 2 and 6 y) and were the subject of a previous report (20) . The 11 adults ranged in age from 21 to 67 years, with a mean age of 42 years.
The histologic features of the myocardium from the 13 cases were analyzed. The variables that were studied were as follows: myocyte necrosis (absent, rare: 1 to 5 degenerated myocytes per tissue section; moderate: 6 to 10 degenerated myocytes per tissue section; and marked: Ͼ10 necrotic myocytes per tissue section), perivascular infiltration (absent, focal: 1 to 3 areas of perivascular infiltrates per tissue section; diffuse: Ն4 areas of perivascular infiltrates per tissue section), interstitial inflammation (absent, minimal: 1 to 3 areas of interstitial infiltrates; marked: Ն4 areas of interstitial infiltrates). The inflammatory infiltrates, which consisted primarily of cells with the cytologic features of macrophages and, to a lesser extent, lymphocytes, had to contain Յ10 mononuclear cells to be scored using the above system. Case 2 (Table 1) showed a diffuse increase in eosinophils, although the cells with the cytologic features of activated macrophages still predominated. Neither plasma cells nor aggregates of neutrophils were evident in any of the tissues. A summary of the histologic findings is presented in Table 1 . Note that in five of the cases there was no evidence of myocyte necrosis and that only five cases showed marked and diffuse mononuclear cell infiltrates.
Although on routine histologic analysis it was evident that most of the cells in the perivascular and interstitial infiltrates had the cytologic appearance of macrophages, immunohistochemistry was done for CD45 and CD68 to further elucidate the phenotype of the cells in the inflammatory infiltrates. These analyses showed that the mononuclear cell infiltrates were indeed dominated by CD68 positive cells, that is, macrophages. The range of CD68-positive cells in the perivascular and interstitial infiltrates was 36 to 89%, with a mean of 69%. In most of the other cases, the remaining mononuclear cells in the infiltrates were lymphocytes.
The tissues were next analyzed for adenovirus, cytomegalovirus, Epstein-Barr virus, herpes simplex virus 1 and 2, HIV-1, influenza A, influenza B, parvovirus, rotavirus, picornavirus (including separate primers for enterovirus and Coxsackie virus A and B), varicella zoster virus, and respiratory syncytial virus. Analysis was done using either in situ hybridization (for DNA viruses) or RT in situ PCR (for RNA viruses). None of the 13 tissues contained a DNA virus, which was the expected finding as most of these viral infections are associated with inclusions that are readily recognized on histologic examination (15) (16) (17) , and none of the 13 cases had evidence of viral inclusions. An RNA virus was found in each of the cases. In 5 of the cases, the picornavirus probe yielded a signal. Further analysis demonstrated a signal in each case with the enterovirus consensus probe. Each of these cases was positive with the Coxsackie virus B probe and negative with the Coxsackie virus A probe. Of the eight other cases, HIV-1 was detected in two, influenza A in one, influenza B in another, and rotavirus in the other four cases. In one of the rotavirus cases, the virus was isolated by culture of a stool sample. In the two HIV-1 cases, additional tissues (spleen and lymph nodes) were examined by in situ PCR and solution phase PCR, and each documented the presence of the virus (data not shown). Serology documented the infection immediately before death in the one influenza B and one influenza A case. Figures 1, 2, and 3 show representative examples of myocardial infection by HIV-1, Coxsackie B virus, and rotavirus, respectively. Note the predominance of the CD68-positive macrophages in the inflammatory infiltrates that contained many of the viral infected cells (Figs. 2 and 3) .
A compilation of the viral results as determined by RT in situ PCR relative to the different cases is provided in Table 2 , which also lists the cells that were infected by the virus. Note that direct myocyte infection was most associated with infection by Coxsackie B virus (Fig. 2) , although one case each of HIV-1 infection and rotavirus myocarditis did show rare infected myocytes. Further, in the four rotavirus-positive cases, the virus showed a strong predilection for endothelial cells and was also found in monocytes (Fig. 3) . We next performed immunohistochemistry on the 13 tissues for rotavirus and enteroviral-specific proteins. Nine of the tissues yielded a positive signal, with five cases that were positive for Coxsackie virus RNA also positive for the enteroviral VP1 protein (Fig. 2 ) and the four cases positive for rotaviral RNA also positive for rotavirus protein (Fig. 3) . Although the geographic distribution was similar with immunohistochemistry versus RT in situ PCR, the latter method showed Ն10-fold increase in the number of positive cells, perhaps reflecting its higher sensitivity. PCR (E, arrow) . F, another negative control, which is the lack of a signal with primers specific for Coxsackie virus A; similar results were evident with all the other viruses that were tested.
DISCUSSION
Myocarditis is a disorder that affects both pediatric and adult populations and that may present as an acute or chronic illness (21) . In most patients, complete recovery without any sequelae may be expected (8) . The term fulminant myocarditis is proposed for cases, typical of younger people, in which the development of myocarditis is heralded by a nonspecific flu-like illness and in which the onset of cardiac involvement determines a rapid deterioration in the patient condition with profound hemodynamic compromise (3). Extensive inflammatory infiltrates are usually found in the hearts of these patients, in concert with ventricular dysfunction and abnormal electrocardiogram findings (4). Fulminant myocarditis has been found to be responsible for 6% of cases in a series of sudden, unexpected deaths (5). Five of our cases showed the marked and diffuse inflammatory infiltrates characteristic of this entity. However, to our knowledge, this is the first time that HIV-1 has been detected by an in situ-based assay in the myocardium in such a setting. Other studies have stressed that in addition to fulminant myocarditis, focal myocarditis is a common pathologic substrate of sudden cardiac death (22, 23) , as is evident in most of the cases in this study. Cardiac inflammatory infiltrates were focal in 8/13 cases in our study. It is hypothesized that focal inflammatory infiltrates can precipitate fatal ventricular arrhythmias despite normal or minimally disturbed ventricular function (4, 5) . Only 1 of the 13 people in this study had had any testing done on the conduction system (Case 8) and this was determined to be within normal limits.
The viral etiology of myocarditis is often difficult to establish with certainty in a given patient (8) .
Isolation of the virus from noncardiac tissues, though presumptive evidence, does not establish its etiologic role in myocarditis. Clinical findings that are supported by serologic evidence of infection similarly allow only a presumptive diagnosis of myocarditis (8) . The histologic findings in endomyocardial biopsies may be used in the diagnosis of viral myocarditis. However, there is considerable interobserver variation in the interpretation of histologic findings (8, 24) . Moreover, as evidenced in this study, the histologic findings are often focal and minimal, and thus easily missed on a small endomyocardial biopsy (25, 26) . Direct in situ detection of the virus in such a biopsy would be needed to establish the diagnosis. This study highlights the utility of RT in situ PCR in this regard, as each of the 13 positive cases contained an RNA virus. Further, the results of this study underline the importance of a comprehensive panel of viral probes, as five different viruses were detected in the cases included in our study. Although we did note that certain histologic changes were more consistent with specific viruses, for example a diffuse and marked myocarditis with HIV-1 infection, it is best to consider the histologic findings as not specific for a particular virus. Further, the focal nature of the inflammation accentuates the need for adequate sampling in the work-up of possible viral myocarditis.
Enteroviruses of the Picornaviridae, such as Coxsackie virus of Group B, are generally considered to be the most common cause of viral myocarditis (2, 6, 8, 9) . Kandolf et al. (9) were the first to use in situ hybridization techniques in 1987 to demonstrate the presence of viral RNA in myocytes of Coxsackie virus B3-infected mice (24) . Similar results were obtained in the hearts of patients with myocarditis and idiopathic dilated cardiomyopathy, where Coxsackie B virus-specific RNA was identified (24, 27) . It was noted that the Coxsackie virus is found in myocytes and in small interstitial cells resembling myocardial fibroblasts (9); our study also demonstrated the ability of this virus to directly infect myocytes, which was much less commonly noted among the other viruses reported in this series. In a retrospective study based on autopsy material, another study used in situ hybridization and the polymerase chain reaction to demonstrate the presence of Coxsackie B RNA in archival material from five of six patients with acute myocarditis (28) . Coxsackie virus was also demonstrated by Hilton et al. (29) using in situ hybridization in 2 of 10 cases of childhood myocarditis; in both cases, the signal was confined to myocytes and was not seen in inflammatory cells. The lack of detection in endothelial cells and inflammatory cells as compared with this study may reflect the greater sensitivity of RT in situ PCR versus in situ hybridization (15) (16) (17) . Direct myocyte infection is clearly not the essential feature of fatal viral myocarditis; even in the cases of Coxsackie B virus infection, the majority of the infected cells were the infiltrating mononuclear cells, many of which were likely macrophages, and endothelial cells. It is possible that these infected cells may be inducing cytokine production, either directly or in adjacent noninfected cells, which may be injurious to myocyte function and the conduction system; this will require further study. Interestingly, both rotavirus and Coxsackie virus-associated myocarditis were associated with a strong predilection for infection of the endothelial cell, suggesting in each case that receptors for the virus were present in these cells.
We have previously reported the two cases of fatal rotavirus myocarditis in children (20) . In addition to the two childhood cases, two of our rotavirus cases were patients 44 and 67 years old, respectively. Fatal rotavirus-associated myocarditis to our knowledge has not been described in adults. Interestingly, the two adults with rotaviral myocarditis each had preexisting cardiac disease, suggesting that the viral infection may have worked in concert with the previous heart damage to precipitate the patient's death.
The involvement of HIV in myocarditis has been previously studied by in situ hybridization in HIVpositive patients, both with and without symptomatic heart disease (30) . In one study, HIV-1 was identified by in situ hybridization in 5 of 33 HIVpositive patients evaluated for unexplained left ventricular dysfunction (30) . Our two cases in which the presence of the HIV-1 genome is documented in the myocardium involved young individuals with no previous documented HIV-1 infection. To our knowledge, this is the first report of fatal HIV-1 myocarditis as the presenting illness of infection by this virus.
A case of fatal myocarditis associated with influenza A in a young patient has been previously described (6) . The virus was identified in lung sections by in situ hybridization and immunohistochemical techniques. However, that study (6) failed to demonstrate the viral signal within inflammatory cells or necrotic myocytes in heart sections. We were able to document the localization of the viral RNA within the mononuclear inflammatory cells in both our influenza A and B cases, perhaps reflecting the greater sensitivity of the RT in situ PCR assay.
